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Microwave nondestructive testing (NDT) methods have been applied 
successfully to specific testing problems for more than 40 years [1]. 
However, microwave techniques can be best classified as complementary or 
specialized techniques when compared to the primary NDT methods (i.e. 
radiography, ultrasonics, eddy current, penetrant and magnetic 
particle). Their general use has been limited and microwave NDT 
installations, as used by the aerospace industry, have typically been 
more experimental than full-scale production facilities [2]. 
Microwave NDT applications have been successfully applied to both 
non-metallic and metallic materials. A wider range of applications can 
be found for non-metallic, non-conductive materials as microwaves can 
freely penetrate these materials. Some applications for non-metallic 
materials include detection of delaminations and porosity, measurement 
of anisotropy and thickness, and determination of moisture content. 
Applications for metallic materials are limited to spatial measurements 
or surface imperfections as microwaves readily reflect from these 
materials. Some of these applications include measurement of 
displacement or detection of surface breaking anomalies [2]. 
While microwave nondestructive testing will most likely remain a 
specialized technique, modern electronics and computer processing should 
continue to improve its potential for industrial applications. The 
increasing trend toward the manufacture of dielectric materials, coupled 
with the high speed advantages of microwave testing, may lead to further 
process control applications (2). 
BACKGROUND 
The term microwave is used to define all electromagnetic radiation 
waves whose frequencies lie between 0.3 and 300 GHz. These frequencies 
correspond to a range of free space wavelengths in a vacuum from one 
meter to one millimeter. In a vacuum or in air, microwaves travel at 
the speed of light (2.997(10)8 m/s) [1]. 
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The penetration of microwaves into a dielectric material depends on 
two physical phenomena: The reflection of the wave at the surface of 
the dielectric and the attenuation of the wave as it travels through the 
material. The primary physical mechanisms that attenuate microwaves in 
a material medium are wave interaction with conduction electrons, wave 
interactions with molecular dipoles, wave scattering from material 
discontinuities and beam spread. 
The standard depth of penetration of microwaves into conducting 
materials is defined in the same way as the standard depth of 
penetration for eddy currents, as shown below: 
1 
o = / lI~fo (1) 
where 0 is the depth of penetration, ~ is the total permeability, f is 
the frequency and 0 is the conductivity of the material. 
Microwave methods can measure the sectional thickness of dielectric 
materials provided that the surfaces are parallel and that the 
dielectric properties of the material are constant. The single 
frequency continuous wave methods rely on generating an interference 
pattern, called a standing wave, between the parallel surfaces of the 
material. When interference prevails, both the reflection and 
transmission coefficients are a function of the sectional thickness and 
the wavelength of the microwave in the material. Either the amplitude 
of phase components of the reflection or transmission coefficients can 
be measured [2], 
Figure 1 shows how the amplitudes of the transmission and 
reflection coefficients vary with respect to the thickness/wavelength 
ratio for a material with a high dielectric constant and one with a low 
dielectric constant. Being a standing wave or interference phenomenon, 
this response cycles everyone-half wavelength (neglecting diffraction 
and loss effects). As shown, the reflected amplitude coefficient is 
more responsive to thickness changes and the highest sensitivity to 
change in thickness occurs when the dielectric plate thickness is at 
one-half wavelength or its multiples. At a thickness equivalent to 
one-quarter wavelength or its odd multiples, the sensitivity to change 
in thickness is zero (curve slope is zero). Thus, the measurement range 
is, at best, limited to one-quarter wavelength changes in equivalent 
thickness. In practice, care regarding frequency (wavelength) selection 
for a given thickness range is necessary to avoid operating too close to 
a null or peak [2]. 
EXPERIMENTAL PROCEDURE 
Two sheet aluminum panels were coated in a manner so as to provide 
stepped thickness gradients. The purpose for this was to allow for 
measurements at various coating thicknesses. The target thicknesses for 
both panels are shown in Figure 2. By attempting to control the coating 
thickness, the only variables left to the experiment would be the 
material properties of the coating. The dielectric and magnetic 
properties for each coating are presented in Table I. It should be 
noted that both permittivity and permeability are complex quantities. 
Prior to coating, each aluminum panel was measured for thickness at 
the desired points using a micrometer. After coating, the panels were 
measured again at the same points. By subtracting the thickness of the 
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Fig. 1. Microwave reflection and transmission amplitude 
coefficient dependence upon the thickness/wavelength 
ratio for dielectric plates with a high dielectric 
constant and a low dielectric constant [2]. 
aluminum panel from the overall measured thickness, an accurate 
assessment of the coating thickness was made. 
The device used to measure the coating thickness was a portable 
microwave reflectometer developed at McDonnell Aircraft Company, which 
is shown in Figure 3. The thickness was determined by placing an 
open-ended X-band waveguide on the coating surface. The reflected 
energy was routed through the circulator and detected with a broadband 
diode detector. The analog voltage from the detector was amplified and 
changed into digital format via an A/D converter. This is illustrated 
in Figure 4. Before any measurements were made, the instrument was 
standardized on a flat metal plate. The purpose of this was to maximize 
the power level to simulate 100% reflection. The attenuation due to 
each thickness step was measured against this reference and all data was 
plotted against the actual coating thicknesses. 
RESULTS 
The results of the microwave thickness measurements are shown in 
Figures 5 and 6. Figure 5 shows the data collected from Panel A. A 
linear relationship was found to exist between the reflected energy and 
coating thickness. The complete range of thicknesses were characterized 
within this line2r region, which indicated that all data was collected 
within the one-quarter wave point. 
The data collected from Panel B also demonstrated a linear 
relationship to a certain degree; however, a deviation was noticed, as 
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Fig. 2. Coating thickness target values for Panels A and B. 
Table I. Dielectric and magnetic properties of coating materials. 
Panel E' E" If' If" 
A 12.8 1.63 1.64 0.95 
B 29.8 2.4 1.98 1.94 
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Fig. 3. Portable microwave reflectometer. 
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Fig. 4. Microwave reflectometer schematic diagram. 
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shown in Figure 6. Up to the 0.027" point, the data was found to 
exhibit linearity with respect to the actual thickness; however, 
readings beyond that point were found to be redundant. For this 
coating, the one-quarter wave point was reached at 0.027", which 
significantly narrowed the measurable range. 
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Fig. 5. Thickness data from Panel A. 
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The compiled data for each panel are shown in Table II. Upon 
observation of the constituent properties, it can be seen that Panel A 
exhibited a lower permittivity and a lower permeability than those of 
Panel B. The lower permittivity made the coating from Panel A less 
reflective, thus allowing the full range of thicknesses to be 
characterized. The thickness slope, measured over the linear regions of 
both graphs, was found to be smaller for Panel A than for Panel B due to 
the combination of a lower permittivity and a lower permeability. This 
was a predicted outcome based on the depth of penetration relationship 
discussed earlier. 
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Fig. 6. Thickness data from Panel B. 
Table II. Summary of results. 
Panel Slope Limiting Thickness - In 
A -3.08 0.045 
B -3.58 0.027 
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CONCLUSIONS 
In conclusion, using microwave methods to measure thicknesses of 
magnetic coatings can be useful. However, with any nondestructive 
method, they have their limitations. The microwave measurements are 
instantaneous, which is an advantage when quality assurance requires 
many measurements to be made. If the substrate is conductive, microwave 
measurements have an advantage over eddy current methods due to their 
relative depths of penetration. In other words, less of the substrate 
would be penetrated using microwave techniques. The thickness 
resolution was determined to be +/-0.001", which is comparable in 
accuracy to many eddy current and magnetic induction methods. One 
drawback to microwave thickness measurement is that the measurable 
thickness range is much less than that for eddy current methods. Also, 
microwave methods are more lift-off sensitive than their eddy current 
counterparts. Both of these drawbacks are due in part to the higher 
frequencies used for microwave measurements. 
Work will be continuing in using microwave technology for thickness 
determinations. Also, more quantifiable comparisons between various 
nondestructive methods such as eddy current, magnetic induction and 
microwave will be made in the future. 
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